derm into blood islands and the role o f visceral endoderm and mesoderm cells in regulating the restricted differentiation and proliferation of hematopoietic cells in the yolk sac remain largely unexplored. To better define the role of murine yolk sac microenvironment cells in supporting hematopoiesis, we established cell lines from day-9.5 gestation murine yolk sac visceral endoderm and mesoderm layers using a recombinant retrovirus vector containing Simian virus 40 large T-antigen cDNA. Obtained immortalized cell lines expressed morphologic and biosynthetic features characteristic of endoderm and mesoderm cells from freshly isolated yolk sacs. Similar to the differentiation of blood island hematopoietic cells in situ, differentiation of hematopoietic pro-AMMALIAN HEMATOPOIESIS begins in the yolk sac and proceeds through sequential developmental phases to result in tissue-specific patterns of blood cell production.'.' Understanding of the regulation of mammalian yolk sac hematopoiesis is rudimentary, but much has been learned from studies of other vertebrates. In the chick, mesenchymal precursors of hematopoietic cells migrate from the primitive streak of the blastoderm to the visceral yolk sac mesoderm layer.3 These mesenchymal cells differentiate into precursors of yolk sac endothelial cells (angioblasts) and hematopoietic cells (hemangioblasts). Whereas the hematopoietic cells arise only from precursors derived from the mesoderm, visceral yolk sac endoderm cells appear critical for differentiation of the mesenchymal cells into blood
The endoderm factors that enhance hemangioblast precursor differentiation have not been identified.
Murine yolk sac hematopoiesis commences on day 7.5 post-coitus (pc).' The migration of hemangioblast precursors into the mesoderm layer of the visceral yolk sac and the mesodermal origin of the hemangioblasts and angioblasts appears similar to the chick e m b r y~.~ The role of murine yolk sac endoderm cells in modulating hemangioblast differentiation is not clear. Nevertheless, the endoderm and mesoderm layers of the murine yolk sac are sufficient to initiate hematopoiesis in vitro in the absence of a viable embryo:- ' In some vertebrates, yolk sac hematopoiesis includes a genitor cells in vitro into neutrophils was restricted and macrophage production increased when bone marrow (BM) progenitor cells were cultured in direct contact with immortalized yolk sac cell lines as compared with culture on adult BM stromal cell lines. Yolk sac-derived cell lines also significantly stimulated the proliferation of hematopoietic progenitor cells compared with the adult BM stromal cell lines. Thus, yolk sac endoderm-and mesoderm-derived cells, expressing many features of normal yolk sac cells, alter the growth and differentiation of hematopoietic progenitor cells. These cells will prove useful in examining the cellular interactions between yolk sac endoderm and mesoderm involved in early hematopoietic stem cell proliferation and differentiation. To study the cellular interactions involved in early hematopoiesis, we established permanent cell lines from visceral yolk sac endoderm and mesoderm using a recombinant retrovirus containing Simian virus 40 (SV40) large T antigen. We have characterized the cell lines with respect to known phenotypic characteristics of yolk sac endoderm or mesoderm cells and have analyzed the capacity of these cell lines to modulate the proliferation and differentiation of hematopoietic progenitor cells. We report that cell lines derived from visceral yolk sac endoderm and mesoderm retain many in vivo biosynthetic and morphologic features and significantly influence the differentiation and proliferation of hematopoietic progenitor cells.
IMMORTAL YOLK SAC CELLS PROMOTE HEMATOPOIESIS
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Yolk sac cell isolation and establishment of cell lines. Yolk sacs from day 9.5 pc embryos were isolated according to previously published methods.I5 The isolated yolk sacs were washed, digested for 50 minutes in 0.25% trypsin and 0.5% pancreatin (Sigma, St Louis, MO) in Hanks balanced salt solution at 4' C and after inactivation with fetal calf serum (FCS), the endoderm and mesoderm layers were teased apart with watchmakers forceps. Separated mesoderm and endoderm layers were gently trypsinized at 37°C. washed, and plated in 10-cm tissue culture dishes in Fischer's medium with 20% horse serum, 100 U/mL penicillin and streptomycin, and mol/ L hydrocortisone (Upjohn, Grand Rapids, MI).' 6 The optimal culture conditions for endoderm isolation included 20% yolk sac mesodermconditioned media. After 2 days of incubation, adherent cells were infected in the presence of 8 pg/mL polybrene for 2 hours at 37°C with 2 mL of U19-5 virus, a defective recombinant retrovirus encoding SV40 large T antigen and ne0.17 After the 2-hour infection, 8 mL of fresh media was added. The following day, media was decanted from the cultures and fresh complete Dexter media added.
One day later, 0.5 mg/mL G418 (dry powder, GIBCO, Grand Island, NY) was added and selection was continued for 7 to 10 days. Resulting G418-resistant clones were picked and expanded in high glucose Dulbecco's modified Eagle's medium (hgDMEM) with 10% fetal bovine s e w , 5% FCS, 1 mmolR, nonessential amino acids, 1 mmoyL L-glutamine, and m o a 2-p mercaptoethanol. Cells were passaged twice weekly at 70% to 80% confluence.
Adult murine BM cell lines. The adult murine BM stromal cell lines U2, U3, and U5 and an adult kidney cell line (U=) have been previously described.", '8 In the current experiments U2-U5 and UK5
were cultured in Dulbecco's modified Eagle's medium (DMEM) 10% FCS and passaged twice weekly when at 70% to 80% confluence. These cell lines were used as controls representing adult hema- Physiologic and protein biosynthetic assays of yolk sac-derived cells. To assess the integrity and permeability characteristics of immortalized yolk sac endoderm-derived cell intercellular tight junctions, transepithelial resistance and radiolabeled protein transit were measured. Immortalized yolk sac endoderm cells (YSE2 cell line) were cultured on 0.4-pm pore size Transwell (Costar Cop, Cambridge, MA) or Millipore (Millipore Corp) tissue culture plate chamber inserts. These units were placed in a 24-well tissue culture plate (Coming) and pre-wet with medium for 5 minutes at room temperature. Cells from a confluent 10-cm tissue culture dish were removed with trypsin, washed with medium, and resuspended in 10 mL of medium. Suspended cells (-2 X l@) were added to each chamber. Fresh medium was added daily. Confluent cell monolayers on filters were reached after 3 or 4 days. Cells were grown in complete hgDMEM.
Transepithelial electrical resistance, a permeability measurement of the filter-grown cells, was measured with a Millicell-ERS resistance-measuring device and electrodes (Millipore Corp). Measurements were performed in quadruplicate and were corrected for the resistance measured across a blank filter. Measurements were made in the presence or absence of 5 mmol/L EDTA in the culture medium.
As an additional permeability measurement, intercellular leak of radiolabeled protein from the basal chamber through the filter-grown YSE2 cells and into the apical chamber was measured. Ovalbumin (Sigma) was iodinated by the iodine monochloride method to a specific activity of approximately 5 X io7 cpm/mg.'' unincorporated '=I was removed by dialysis. Filter-grown YSE2 cells were incubated for 1 hour at 37°C with 1251-ovalbumin in the basal chamber with and without 5 mmol/L EDTA. After incubation, the media in the apical chamber was recovered, intact protein was precipitated with 15% trichloroacetic acid, and the acid insoluble material was counted in a gamma counter.
To assess polarized uptake of intact proteins, filter-grown YSE2 cells were incubated at 37°C for 10 minutes with '%ransferrin (Sigma) in either the apical or basal chamber with or without 1OOO-fold excess of non-radiolabeled transfemn. After incubation the cells were cooled to 4°C and washed. Internalized '=I-transfemn was quantitated directly by placing the washed filter-grown cells in a gamma counter.
To assess polarized secretion of synthesized proteins, filter-grown YSE2 cells were washed twice with phosphate-buffered saline (PBS) at 37°C and then incubated with cysteine-free DMEM containing 5% dialyzed FCS for 15 minutes at 37°C. M e r this period of cysteine starvation, each filter was placed directly onto a 10 pL drop of DMEM lacking cysteine but containing 5% dialyzed FCS and 30 pCi lyophilized 3sS-cysteine (New England Nuclear, Boston, MA). The cells were incubated at 37°C for the designated pulse period. At the end of the pulse period, the filters were transferred to prewarmed 24-well tissue culture plates with 200 pL of DMEM with 10% FCS in the apical and basolateral chambers, respectively. The incubation was continued at 37°C for the designated chase period. At the end of the chase period, cells as well as the apical and basolateral media were harvested and the labeled proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Immunojuoresence analysis. Yolk sac cell lines were characterized with respect to extracellular matrix, intermediate filament, and specific cell-surface antigen expression by immunofluorescence staining as previously described." Antibodies to the following proteins were used: fibronectin (at 1:lOO dilution), collagen IV (1:50), and laminin (150) were purchased from Collaborative Research, Bedford, MA; antibodies to vimentin (1:5), Mac-l (1:50), cytokeratin-l8 (15) were purchased from Boehringer Mannheim, Indianapolis, IN; antibody to murine alpha-fetoprotein (150) was purchased from ICN Biomedicals, Irvine, CA; rat anti-mouse tight junction associated protein (ZO-I) (1:lO) was purchased from Chemicon, Temecula, CA; antibody to F4/80 (1: 10) was purchased from Harlan Bioproducts for Science, Indianapolis, IN; the monoclonal H513E3 (15) was provided by Dr Suzanne Hasthorpe, Melbourne, Australia; and preimmune and immune rabbit serum against murine GATA-4 was provided by Dr David Wilson, St Louis, MO. The appropriate fluorescein-conjugated secondary antibody diluted 1:500 to 1:lOOO (goat anti-rat IgG or goat anti-rabbit IgG or goat anti-mouse IgG, Cappel, Durham, NC) was incubated with the cells for 1 hour at room temperature, slides were washed three times with PBS, two drops of Vectastain (Vector Laboratories, Burlinghame, CA) were added, and coverslips were placed on each slide. Omitting the first antibody extinguished any cell staining. Photomicrographs of the fluorescent labeled cells were obtained using a Zeiss Axiophot microscope equipped with a Zeiss camera (Zeiss, New York, NY).
RNA isolation and polymerase chain reaction (PCR) analysis. RNA was isolated from monolayers of yolk sac endoderm-and mesoderm-derived cell lines using TRI REAGENT (Molecular Research Center, Cincinnati, OH) and the method of Chomczynski and Sacchi.*' One microgram of total RNA was reverse transcribed using 2.5 mmol/L random hexamers, 2.5 U Moloney murine leukemia virus reverse transcriptase, and reagents from a commercial RNA PCR kit (Perkin Elmer-Cetus, Norwalk, CT). PCR amplification of the transcribed mRNA for murine Endo B type I intermediate fila- Coculrure experiments. Established yolk sac. adult kidney. and BM cell lines grown to 80% confluence were treated with mitomycin C (Sigma) at a concentration of 10 rnglmL for 4 hours at 37°C. washed three times with PBS, detached with trypsin (0.5%). and plated to confluence in 6-well tissue culture plates with each cell line plated in triplicate wells as previously described." Mitomycin C inhibits cell proliferation and overgrowth of the cell monolayers, but viability and usual in vitro behavior are maintained for up to 2 weeks." To obtain an enriched BM population of primitive hematopoietic progenitor cells, C3H-HeJ male mice were injected via the tail vein with 150 mgkg 5-fluorouracil (5-FU)."." Two days later marrow cells were harvested as described, washed in DMEM + 10% FCS, and counted.2" 5-FU resistent BM cells ( I X IO5) were plated in coculture with the mitomycin C-treated cell monolayers in Iscove's modified Dulbecco's medium (GIBCO) with 1 5 8 horse serum (Hyclone), 5% FCS, 400 pglmL human iron-saturated transferrin (Boehringer-Mannheim), IO-" mol/L 2-p rnercaptoethanol, and IO-' mol/L hydrocortisone (Upjohn, Kalamazoo, MI). One-half of the media and nonadherent cells were carefully removed and replaced with fresh media after 7 days of culture. On day 14 nonadherent hematopoietic cells were counted using a Coulter counter (Coulter, Hialeah, FL), morphologic cell differentials were performed using Wright-Giemsa stain, and cells were aliquoted for in vitro assay of colony formation. In three preliminary experiments, 2 UlmL of recombinant human erythropoietin (Amgen. Thousand Oaks, CA) was also added to the stromal co-cultures, but in every case after 2 weeks of co-culture. no immature or mature RBCs (determined by benzidine staining and Wright-Giemsa staining of recovered cells) were present in any of the cocultures (data not shown). Therefore, for the present studies. erythropoietin was not added to the cocultures.
Colony-forming cell (CFC) assay. Double-layer agar cultures were prepared as described by Bradley and Hodgson." Briefly, recombinant hematopoietic growth factors colony stimulating factor-I (1600 U, gift of Genetics Institute, Boston, MA), interleukin-3 (IL-3; 200 U) and IL-la (500 U, Genzyme, Cambridge, MA), and rat stem cell factor ( 1 0 0 ng, gift of Amgen) were added to 10 X 35-mm gridded tissue culture dishes followed by the addition of 0.5% agar (Bacto-agar, DIFCO, Detroit, MI). Nonadherent cells (50,000lplate) from the cocultures were suspended in 0.3% agar and applied as an overlay to the 0.5% agarlgrowth factor containing dishes and triplicate cultures were plated and incubated in a 5% 0 2 , 10% COz, and 85% Nz humidified environment. On day 14 of culture the plates were stained with 1 mglrnL p-iodonitrotetrazolium violet (Sigma) and groups of greater than 50 cells recorded as colonies. The results from the four endoderm, five mesoderm, three adult BM, and one kidney cell line were pooled for each of four experiments. In all experiments, statistically significant differences were determined using Student's t-test with a level of significance set at P < .05.
RESULTS
Establishment of cell lines.
Four yolk sac endoderm (YSEI-4) and five yolk sac mesoderm (YSMI-4) permanent lines were established using SV40 large T-antigen expression. Initial attempts to culture visceral yolk sac endoderm cells were unsuccessful; addition of conditioned medium from the yolk sac mesoderm-derived cell lines allowed us to establish suitable cultures of the endoderm cells for retroviral infection. All established cell lines were resistant to 0.5 mg/ mL G418 in the tissue culture media (nontransfected yolk sac cells die in 0.3 mg/mL G41 8), have been carried for more than 2 years in vitro, and continue to display a stable morphology.
Phenotyic and functional analysis. The morphology of cells from the established lines was compared with previous descriptions of freshly isolated yolk sac cells.'5~2h All yolk sac endoderm cell lines were similar in appearance and showed a polygonal morphology with formation of tight cell clusters on tissue culture plates (Fig I) . This morphology is similar to freshly isolated visceral endodermz7 or visceral endoderm differentiated from F9 teratocarcinoma cells.zx.2y Yolk sac mesoderm cell lines showed a slightly larger and more elongated morphology than the endoderm cells, but also clustered in vitro (Fig l) . In contrast, stromal cells from murine adult BM established with the same retroviral vectorI7 were larger. more elongated, and formed a uniform monolayer in vitro (Fig l) . None of the yolk sac cell lines were contact inhibited 
Fig 2. High magnification views of immortalized yolk sac endoderm-derived cells. (A) Intercellular tight junctions are apparent as electron dense intercellular points of contact (large arrow) and a coated pit is present in the intercellular space (small arrow). (B)
Apical cell surface microvilli are apparent at the top of the photomicrograph.
on reaching confluence on tissue culture plates. None of these cell lines showed anchorage-independent growth in soft agar (data not shown).
Immortalized cells derived from yolk sac endoderm also displayed a polarized morphology in vitro similar to freshly isolated yolk sac endoderm (Fig 2) . Cell surface apical microvilli, coated pits, and cytoplasmic coated vesicles were identified in these cells; these features are characteristic of endocytically active yolk sac endoderm cells (Fig 2) . Furthermore, labeled transferrin preferentially bound more to the basal than apical surface of the YSE2 cells (Table I) . Tight-junctions were apparent by electron microscopy ( Fig  2) and by immunofluorescence staining using ZO-I , a monoclonal antibody (MoAb) to tight junctions ( Table 2 ). The filter-grown yolk sac endoderm-derived cells (YSE2) also Confluent monolayers of yolk sac-derived endoderm were incubated for 10 minutes with '251-transferrin in either the apical or basal chamber medium with or without a 1,000-fold excess of non-radiolabeled transferrin (to assess non-specific binding). Cells were washed and the amount of intact transferrin internalized was quantitated. These results are from one experiment and are representative of the results of all three experiments performed. displayed functional tight junctions because paracellular movement of "'I-ovalbumin added to the basal side of the filter was inhibited from movement into the apical chamber, and this inhibition was abrogated in the presence of EDTA (Table 3) . Similar functional evidence of intercellular tight junctions was apparent when electrical resistance across the YSE2 monolayer was measured in three experiments at 22 5 4 ohdcm' in the absence of EDTA, and was not detectable (0 ohdcm2) in the presence of EDTA. As previously reported for freshly isolated or cultured primary yolk sac mesoderm immortalized cells from yolk sac mesoderm also expressed tight junctions ( Table 2) . but no apical microvilli were observed on the cell surface of these cells (data not shown).
Expression of yolk sac markers. The pattern of protein expression by murine yolk sac endoderm and mesoderm cells can be useful as an identifying marker for these cells." Therefore, we determined expression of several well-recognized protein markers of yolk sac endoderm and mesoderm by RNA analysis, biosynthetic labeling of proteins, and immunofluorescence.
Metabolic labeling of filter-grown yolk sac endodermderived cells showed polarized secretion of several proteins into the basolateral medium (Fig 3) . Although the p70 protein secreted basally is the correct molecular weight for afetoprotein, a good marker of visceral endoderm cells at this stage of development,3'.'3 we were unable to immunoprecipitate this protein using the available antibody. This antibody Results represent the percent of total '251-ovalbumin added to the basal chamber that was recovered from the upper chamber of a CUIture plate insert with or without a monolayer of YSE 2 cells. Permeability was measured in the absence or presence of 5 mmol/L EDTA (to assess ion-dependent intercellular adhesion). These data are from one experiment and are representative of each of three experiments. did immunoprecipitate a-fetoprotein from murine embryonic stem cell-derived embryoid bodies cultured in vitro (data not shown). Expression of the extracellular matrix proteins fibronectin, laminin, and collagen IV was apparent by immunofluorescence in all cells established from yolk sac endoderm and mesoderm (Table 2) . Yolk sac endoderm-derived cell lines expressed cytokeratin but not vimentin intermediate filaments, whereas mesoderm-derived cells expressed vimentin and not cytokeratin proteins (Table 2 ). Using sequence specific oligonucleotides, all yolk sac endoderm-derived cell lines were also found to express mRNA for the Endo B cytokeratin intermediate filament gene by RNA-PCR (Fig  4) . None of the yolk sac mesoderm-derived cell lines expressed this mRNA. Yolk sac endoderm-but not mesodermderived cells also expressed the GATA-4 protein ( Table 2) , a DNA-binding protein highly expressed in visceral yolk sac endoderm cells in vivo.34 None of the yolk sac-derived cells expressed the macrophage cell surface molecules recognized by Mac-l or F4BO MoAbs ( Table 2 ). All of the established mesoderm-derived cell lines express an antigen recognized by antibody H513E3 ( Table 2 ) that is normally expressed YODER ET AL on murine adult BM stromal endothelial cells and other blood vessel end~thelium.~' In summary, distinct phenotypic features were expressed by the yolk sac endoderm-and mesoderm-derived cells. In most instances, the immortalized cells expressed proteins similar to those reported for freshly isolated or cultured yolk sac endoderm or mesoderm cells.
Support of in vitro hematopoiesis. Because the established cell lines expressed many of the features expected for freshly isolated yolk sac endoderm and mesoderm cells, we examined whether these yolk sac-derived cells would modulate differentiation of hematopoietic cells. We first determined if hematopoietic cells would proliferate while in direct contact with the yolk sac-derived cell lines in coculture. The total number of nonadherent hematopoietic cells increased significantly in the 14-day cocultures of hematopoietic cells with established adult BM stromal and yolk sac endoderm and mesoderm cells (Fig 5) . The most significant increase in nonadherent cell number occurred in the yolk sac mesoderm cultures (Fig 5) in which twice as many cells were recovered compared with adult BM stromal cultures. There was a 4-to S-fold overall increase in cell number over input number in the yolk sac-derived cell cultures. In contrast, no change in the number of nonadherent cells (Fig 5) was detected in cultures with an irrelevant (adult kidney) cell line that has previously been reported to be unable to support murine hematopoietic progenitor and stem cell growth in vitro."
The effects of culturing hematopoietic cells in direct contact with the yolk sac-derived cell lines on maintaining clonogenic cells in vitro was also examined. A significant increase in hematopoietic progenitor cells was seen in nonadherent cells recovered from yolk sac endoderm and mesoderm cultures compared with adult BM stromal or kidney cell cultures (Fig 6 ) . Combining the data from Figs 5 and 6, the total number of progenitors was 6-fold higher in yolk sac endoderm derived cell line and 1 l-fold higher in yolk sac mesoderm-derived cell line cocultures compared with the content of progenitors in the adult BM stromal cell cocultures. These data indicate that yolk sac endoderm-and mesoderm-derived cells induce significant progenitor growth from hematopoietic cells in vitro.
MW Ladder
We next determined whether direct cellular interactions of hematopoietic cells with the yolk sac-derived cell lines would restrict the pattern of differentiation of the hematopoietic cells. As previously reported," nonadherent hematopoietic cells obtained after coculture with the adult kidney and BM cell lines were primarily neutrophils and immature myeloid precursors (Table 4) . Culture of the hematopoietic cells with yolk sac endoderm-or mesoderm-derived cell lines resulted in significantly fewer neutrophils and immature myeloid cells than culture of hematopoietic cells with adult BM stromal cell lines when comparing the percent of total differentiated hematopoietic cells recovered (Table 4) . However, if the absolute number of immature and mature neutrophils recovered from the cocultures are compared, significantly more neutrophils were produced in the yolk sac mesoderm-derived cocultures (mean 4.8 X 10') than in the adult BM stromal cell cocultures (mean 3.6 X lo'), with the fewest cells recovered in the yolk sac endoderm-derived cocultures (mean 3.0 X 10'). These differences may reflect the more than twofold increase in total cell number recovered in the yolk sac mesoderm-derived cocultures as compared with the adult BM stromal cocultures (Fig 5) . If the absolute number of immature and mature neutrophils are compared with the absolute number of CFCs obtained from each of the cocultures, a mean of 141 1 neutrophils/CFC were recovered from the adult stromal cell line cocultures whereas 162 and 153 neutrophils/CFC were recovered from the yolk sac-endoderm and mesoderm-derived cell line co-cultures. The ratios of 78, 70, and 98 macrophages/CFC recovered from the adult BM, yolk sac endoderm-and mesoderm-derived coculture, respectively, were similar. These results suggest that the immortalized yolk sac-derived cell lines can influence the differentiation of hematopoietic cells in a fashion similar to the restricted yolk sac differentiation pattern seen in situ.
DISCUSSION
The hematopoietic microenvironment of yolk sac blood islands is composed of endothelial cells lining the blood islands, the intravascularly developing hematopoietic cells, and adjacent yolk sac mesoderm and visceral endoderm cells3 By isolating day 9.5 pc yolk sac epithelial-like cells from the endoderm layer and endothelial-like cells from the mesoderm layer, we have obtained two anatomically intimate cellular elements of the yolk sac hematopoietic microenvironment at this stage of development. These novel cell lines support in vitro growth of hematopoietic cells to a greater extent than similarly established adult BM stromal cells and also influence the differentiation of hematopoietic precursors in a manner analogous to the yolk sac environment in situ. The results presented here also confirm previously published data showing functional differences between stromal cells established from adult murine hematopoietic and nonhematopoietic microenvironments.
Visceral endoderm cells of the embryonic yolk sac have been likened to intestinal and fetal liver cells with respect to absorption and secretion of materials from the yolk sac ~a v i t y .~' Thus, yolk sac endoderm cells display morphologic evidence of endocytic activity including apically located microvilli, coated pits, and intercellular tight junction^.*^^^^ Furthermore, yolk sac endoderm cells show apical-basal polarity Yolk sac mesoderm-derived cell lines reported here can be readily distinguished from the endoderm-derived cell lines by expression of vimentin and lack of expression of cytokeratin intermediate filaments. In addition, mesodermderived cells fail to express the DNA binding protein GATA-4 and do not show morphologic evidence of apical-basal polarization. Thus, the cell lines established from yolk sac mesoderm continue to display characteristics of freshly isolated yolk sac mesoderm cells?' The mesoderm-derived cell lines also display endothelial-like features in a fashion similar to murine adult BM stromal cell lines that were previously established with the same retroviral vector.'* Because the yolk sac microenvironment is normally impermissive to granulocyte and permissive to macrophage maturation from yolk sac stem cells, we hypothesized that the cell lines derived from the yolk sac endoderm and mesoderm layers would not support in vitro differentiation of granulocytes from multipotent progenitor cells. To test this hypothesis, we used BM cells depleted of committed progenitor cells by 5-FU treatment." By depleting BM of cycling hematopoietic cells, this treatment also enriches for primitive hematopoietic stem cells.37 Yolk sac endoderm-and mesoderm-derived cell lines supported less neutrophil and greater macrophage differentiation of the 5-FU resistant hematopoietic cells than the adult kidney and BM stromal cell lines. These results suggest that the immortalized yolk sac-derived cell lines recapitulate some of the microenvironmental influences that exist in normal yolk sac blood islands. The lack of complete restriction of granulocyte differentiation may have resulted from the presence of committed progenitor cells remaining in the BM inoculum or because we used adult BM to establish the cocultures. Therefore, future experiments using fetal cells highly enriched for primitive stem cells will allow a more refined analysis of the influence of the yolk sac-derived cell lines on the pattern of stem cell differentiation into various lineages. In addition, experiments are underway to examine in greater detail the role of cell-tocell interactions, including endoderm-mesoderm co-culture interactions in modulating hematopoietic cell behavior.
Numerous recent technical advances in the culture of embryonic stem (ES) cells have allowed for determination of the sequential expression of hematopoietic growth factors and growth factors receptors during ES cell differentiation into embryoid bodies and establishment of yolk sac blood island^.""^ This in vitro model, as well as blastocyst-derived embryoid bodies6 and culture of whole embryos,' will continue to provide insight into the yolk sac factors involved in establishing and sustaining yolk sac hematopoiesis. The cell lines described in this report provide a unique reagent to more stringently examine yolk sac endoderm and mesoderm interactions with hematopoietic cells that influence the earliest phases of murine hematopoietic stem cell differentiation.
